in the 29H × Vf136 faba bean population. Most of the QTL regions previously described in this cross were enriched with SNP markers. Two QTLs for O. crenata resistance (Oc7 and Oc8) were confirmed. Oc7 and Oc10 located nearby a QTL for A. fabae resistance suggested that these genomic regions might encode common resistance mechanisms and could be targets for selection strategies against both pathogens. We also confirmed three regions in chromosomes II (Af2), III (Af3) and VI associated with Ascochyta blight resistance. The QTLs ratified in the present study are now flanked by or include reliable SNP markers in their intervals. This new information provides a valuable starting point in the search for relevant positional and functional candidates underlying both types of resistance.
Introduction
Faba bean (Vicia faba L.) is an important legume crop cultivated on a global basis as a source of dietary protein, and ranks fourth in terms of cultivated area after the key food legumes chickpea, pea, and lentil (http://faostat.fao.org). This crop plays an important role in the management of soil fertility through crop rotation with cereals by fixing atmospheric nitrogen in the soil, thus providing disease breaks and contributing to agricultural sustainability. Major priorities in faba bean breeding programs include resistance/tolerance to biotic and abiotic stresses. Among the former, broomrape (Orobanche crenata Forsk.) and Ascochyta fabae Speg. represent the major constrains for this crop.
Broomrape is a highly aggressive parasitic plant that compromises faba bean production in the Mediterranean region, North Africa and the Middle East, with losses ranging from 50 to 80% (Gressel et al. 2004) . Faba bean can be parasitized mainly by two different species of broomrapes, namely crenate broomrape (O. crenata Forsk.) and foetida broomrape (O. foetida Poir). Crenate broomrape is the most damaging and widespread species infecting over 4 Mha of grain and forage legume in the whole Mediterranean area (Parker 2009) . Severe attacks are common in Morocco, Portugal, Spain and Syria (representing 50-70% of the areas grown in those countries) and heavy field infestations force farmers to abandon the growing in traditional areas (AbuIrmaileh 1994) . O. foetida Poir. has been recorded for many years in western North Africa and southern Europe, but has only relatively recently become a significant problem weed in faba bean, chickpea and vetch in Tunisia (Abbes et al. 2007) . Orobanche control remains challenging because no fully satisfactory and economic crop management measures are available. The best long-term strategy for limiting damage is the development of Orobanche-resistant cultivars. Nevertheless, resistance against parasitic weeds is difficult to assess, scarce, of complex nature and of low heritability, making breeding for resistance a challenging task (Rubiales 2003) .
Ascochyta blight caused by the fungal pathogen A. fabae is a disease prevalent in the Middle East, Europe, Canada, New Zealand, and Australia that provokes severe yield losses in susceptible cultivars (between 35 and 90%) grown in cool and wet regions. Symptoms of infection include reduction of the photosynthetic area, pod and seed infection, seed staining and seed abortion, leading to yield reduction and reduced market value. Although the disease can be managed by application of chemicals and crop rotation, breeding of resistant cultivars is the most effective and sustainable means of control (Sillero et al. 2010) .
The development of new varieties for complex traits controlled by quantitative trait loci (QTLs) is a cumbersome task using traditional breeding methods. Marker-assisted selection (MAS) provides a potential solution to replace the difficult or expensive phenotype-based selection systems with markers linked to the genes of interest. The first faba bean genetic maps were developed with random amplified polymorphic DNA (RAPD) markers (Román et al. 2002 (Román et al. , 2003 Avila et al. 2004; Díaz-Ruiz et al. 2009a, b; Díaz et al. 2010 ), which are difficult to transfer between laboratories and/or genetic studies. Subsequently, the use of expressed sequence tags (ESTs) and the development of public databases have increased the possibility of transferring information from closely related legume species such as Medicago truncatula, Pisum sp., Lens sp. or Cicer arietinum to faba bean . Recently, large sets of gene-based markers have been developed in this crop (Kaur et al. 2014; Webb et al. 2016) , representing a breakthrough in the expansion of the faba bean genetic map.
Although several QTLs related to broomrape and Ascochyta resistance have been described and validated (Avila et al. 2004; Díaz-Ruiz et al. 2009a, b; Díaz et al. 2010; Gutiérrez et al. 2013; Kaur et al. 2014; Atienza et al. 2016) , their utilization in breeding programs has not been implemented. It is imperative to saturate and narrow down these QTL intervals to identify the underlying candidate genes and most importantly to identify allele-specific markers linked to the trait of interest. However, the large and repetitive nature of the faba bean genome has slowed the development of maps with sufficient density for these purposes. Moreover, most of the markers tagging QTLs are RAPDS, a type of marker not reliable enough to warrant MAS approaches.
The advances in sequencing technology with highthroughput SNP genotyping platforms at low cost are promoting the development of high-resolution maps in crop species with less genomic resources such as faba bean (Webb et al. 2016) . SNP alleles have several advantages over other markers in terms of gene mapping. They are extremely stable and mostly identical-by-descent, thereby preventing scoring errors associated with homoplasy. Transcriptome profiling under biotic stresses (e.g., Ascochyta infection) has been recently implemented in this crop (Madrid et al. 2013; Ocaña et al. 2015) providing gene-based SNPs that can be applied towards targeted genomic studies of disease resistance/tolerance.
The objectives of the present study were: (1) to construct a more detailed and informative genetic map of the faba bean recombinant inbred line (RIL) population 29H × Vf136, which varies in Ascochyta blight and broomrape resistance and (2) to refine the position of relevant trait-influencing QTLs with a more reliable and discriminatory marker set. The final aim was to investigate the genetic basis of QTLs of interest by mapping differentially expressed candidate genes. To achieve this, a selection of SNPs obtained from recent transcriptome analyses of two faba bean parental lines subjected to A. fabae infection (Madrid et al. 2013; Ocaña et al. 2015) was used to construct an improved map and to narrow down the genomic regions of the QTLs. Besides refining the position of target regions, this approach has the potential to identify relevant candidate genes determining disease resistance.
Materials and methods

Plant material
A mapping population comprising 119 F 7:8 individuals developed by single seed descendent from the cross between 29H × Vf136 was used in this study. The genotype 29H is a minor type faba bean developed at INRA (France) and it was originally provided by Drs Berthelem and Le Guen (Station d'Amélioration des Plantes, INRA-Rennes, France). This genotype has been described as resistant to A. fabae in different studies (Tivoli et al. 1987 ; Maurin and Tivoli 1 3 1992; Bond et al. 1994; Sillero et al. 2001 Sillero et al. , 2010 and susceptible to broomrape ). The male parent, Vf136, is an equina type obtained at IFAPA (Córdoba) from the cross Vf1071 × Alameda (Cubero et al. 1992 ). This genotype is susceptible to A. fabae and resistant to broomrape (Román et al. 2003; Avila et al. 2004; Díaz-Ruiz et al. 2009a, b; Díaz et al. 2010; Gutiérrez et al. 2013) .
SNP selection and genotyping
To identify SNPs likely linked to the disease resistance QTLs, we exploited a recent transcriptome analysis from the faba bean parental lines 29H and Vf136 in response to Ascochyta blight (Ocaña et al. 2015) . A set of putative SNPs associated with expressed sequence tags was chosen based on the following criteria: (1) 127 SNPs belonged to transcripts differentially expressed between the two parental lines upon infection (p < 0.05); (3) a second set of 40 SNPs was located in genes/proteins associated with defense/ resistance response to pathogens, although the corresponding transcripts were not differentially expressed between the parental lines; (3) 61 SNPs were chosen from a group of 162 tags previously described as differentially expressed in response to A. fabae infection (Madrid et al. 2013 ) and used for blast analysis against annotated genes in the transcriptome developed by Ocaña et al. (2015) .
Detailed information of the SNPs selected is shown in additional file1. A total of 228 SNP were finally selected to be genotyped using Kompetitive Allele-Specific PCR (KASPar) assays provided by LGC genomics (http://www. lgcgenomics.com/genotyping/kasp-genotyping-chemistry) and the MassArray iPLEX (Sequenom) SNP typing platform at the Spanish National Genotyping Center facility of the University of Santiago de Compostela (http://www.cegen. org). KASP is a homogenous, fluorescence-based genotyping technology based on allele-specific oligo-extension and fluorescence resonance energy transfer for signal generation (Semagn et al. 2014) . MassArray iPLEX consists of an initial locus-specific polymerase chain reaction (PCR), followed by single-base extension using mass-modified dideoxynucleotide terminators of an oligonucleotide primer that anneals immediately upstream of the polymorphic site (SNP) of interest. The distinct mass of the extended primer identifies the SNP allele (Gabriel et al. 2009 ).
Linkage map construction and QTL analysis
The SNP markers genotyped in the study were incorporated into a previous data set Atienza et al. 2016) . Segregation of loci was analyzed for goodness of fit to the expected 1:1 ratio in the RIL population using the Chi-square test. The new set of markers was analyzed for linkage using JoinMap 4.1 (Van Ooijen 2006) . Markers were grouped using maximum likelihood option at a minimum LOD score of 4.0 and maximum recombination fraction of 0.25 as general linkage criteria to establish linkage groups (LG). Recombination fractions were converted to centimorgans (cM) using the mapping function of Kosambi (1944) .
LGs were assigned, when possible, on the basis of commonality with already published linkage maps Satovic et al. 2013; Atienza et al. 2016) . To overcome the lack of common markers with previous QTLs analyses, transcripts bearing mapped SNPs were blasted against the M. truncatula genome assembly version Mt4.0 (Tang et al. 2014) .
QTL analysis was performed using the MAPQTL 5 software (Van Ooijen 2006) . Interval mapping (IM) was used to identify putative disease-resistant QTLs in each linkage group, considering the evaluations made in the 29H × Vf136 RIL F 7:8 population Atienza et al. 2016) . Threshold for QTL significance at α = 0.05 was estimated by permutation analysis using 1000 replicates (Churchill and Doerge 1994) . The genome-wide LOD scores, corresponding to P = 0.05, were considered as significance thresholds for the detected QTLs. The limits of the confidence interval of QTL position were estimated at the positions where the LOD drop-off was equal to 2 (Li 2011). The presence of a QTL was established based on its P value and co-location with QTLs for the corresponding phenotypic trait in another year or environment and when the difference with the LOD threshold was <0.5. The coefficient of determination (R 2 ) value of the best marker in a linkage group associated with resistant reaction was used to estimate the percentage of the total phenotypic variation explained by the QTL.
Field trials and resistance scoring
We used the O. crenata and Ascochyta blight disease resistance scores previously reported by Gutiérrez et al. (2013) and Atienza et al. (2016) . Broomrape resistance was evaluated in naturally infested fields in Cordoba (Spain) in three consecutive seasons (2006) (2007) (2008) (2009) and at Kafr El-Sheikh (Egypt) in [2007] [2008] . In addition, the population was evaluated for Orobanche foetida resistance at Beja (Tunez) during two growing seasons (2006) (2007) (2008) . Simple regression was carried out using the broomrape score in susceptible checks as an independent variable and the broomrape score in the RILs as a dependent variable to remove any statistically significant effects of field infestation variability. Regression corrected values (residuals) were then calculated to correct for differences in broomrape seed density in the soil between plots (Román et al. 2002; Díaz et al. 2010) .
Ascochyta blight resistance was determined in three different experiments. The first two tests were carried out at seedling stage in growth chamber and against two 1 3 monoconidial isolates, CO99 and LO98, collected in Córdoba and Logroño (Spain), respectively (Avila et al. 2004) . Fifteen days after inoculation, disease scoring was performed separately on leaves (DSL, disease severity on leaves) and stems (DSS, disease severity on stems) based on the percentage of symptomatic leaf area. The third disease test was performed in field trials and adult plant at Córdoba during the season 2005-06 using a local isolate. The disease infection was determined on leaves (DSL), stems (DSS), and pods (DSP).
Results
SNP selection and genotyping
A total of 228 SNPs were initially selected for genotyping in the 29H × Vf136 RIL population. However, 136 were discarded for the following reasons: 62 SNPs (2 KASPar and 60 MassArray iPLEX data) were polymorphic in the parental lines but monomorphic in the RILs; 49 SNPs (2 KASPar and 47 MassArray iPLEX) showed skewed segregation or ambiguity, likely due to genotyping errors; finally, 25 SNPs did not meet the requirements for primer design preventing further analysis (Table 1 ). The remaining 92 SNPs (20 KASPar and 72 MassArray iPLEX) could be precisely genotyped in the mapping population (Additional file 1). The two most common SNP variants were A/G and C/T, representing 34.93 and 30.57% of the changes, respectively. The other SNP variants (T/G, C/G, A/C and A/T) each accounted for less than 10% of the total (Additional file 1).
From the 92 SNPs genotyped, 73 (79.35%) belong to the set of SNPs differentially expressed upon Ascochyta infection while 19 (20.65%) were not differentially expressed but associated with resistance processes (Table 1) . Eightyeight of these SNPs had homologues in the M. truncatula genome (Mtr4.0), while the remaining four may represent specific faba bean sequences and/or targets for resistance candidates. Moreover, five putative transmembrane proteins and four hypothetical proteins annotated in the M. truncatula genome but not assigned to known functional groups might correspond to genes involved in resistance.
Linkage analysis
To build a more saturated map and refine the position of the QTLs, we considered the most recent linkage maps and the assessments for A. fabae (Atienza et al. 2016 ) and broomrape ) resistance reported in this population. The 92 SNPs markers were combined with the previous data set. Additional file 2 shows the list of these SNPs, and their assignment to the different faba bean
LGs or chromosomes (chr.). The new linkage analysis thus involved 307 markers, 44 of which (14.33%), did not fit the expected 1:1 ratio. Of these, 215, many of which are RAPDs (136), have been genotyped in previous studies. Eighty SNPs were mapped and could be assigned to the six chromosomes of the species. The final map includes 257 loci distributed over 19
LGs and spanning 2796.91 cM ( Fig. 1 ; Table 2 ).
LGs with two markers were discarded.
LG identity and orientation were determined by comparison with the M. truncatula genome, as well as from the use of previously map-assigned anchoring markers Satovic et al. 2013; Webb et al. 2016; Atienza et al. 2016) . The largest group corresponding to chr. VI included 37 loci and spanned almost 445 cM, while the smallest group, with only three loci, covered 39.3 cM.
The incorporation of new SNP markers allowed closing previous gaps between 11 minor LGs . These LG could now be combined into five chromosomal regions (Table 2) . Accordingly, the large metacentric chr. I is now represented by six LGs, chr. III by three
LGs and the remaining chrs. IB, II, IIA, V and VI by a single LG (Fig. 1) . Five LGs (15, 20, 22, 26 and 27) could not be assigned to specific chromosomes. In agreement with Satovic et al. (2013) , LG8 and LG6 were assigned to chr. I, while LG29 corresponds to chr. IIA. The resulting map is the most gene-enriched map published to date in this population. 
QTL analysis for Ascochyta fabae
In agreement with Atienza et al. (2016) , three QTL regions in chr. II, III and VI were related to Ascochyta resistance. All the resistance-enhancing alleles originated from the resistance parent 29H as shown by the negative values of the additive genetic effects (Table 3 ). The QTL in chr. II (Af2) was identified taking into account the disease severity scores in leaves (DSL), and was consistently detected in 3 years in both field and growth chamber evaluations (Field_DSL, CO99_DSL and LO98_DSL), explaining between 10.6% (CO99_DSL) and 19.1% (LO98_DSL) of the total phenotypic variation ( Fig. 1; According with previous studies (Avila et al. 2004 , Atienza et al. 2016 ), a second region related to Ascochyta resistance (Af3) was detected in chr. III. Nevertheless, from the six QTLs reported considering field and growth chamber tests, only three (LO98_DSL, LO98_ DSS, Field_DSP) were significant in this study ( Fig. 1;  Table 3 ), explaining 15.7, 11.2 and 12.4% of the phenotypic variation, respectively. Although chr. III was enhanced with ten markers, only one (Contig 19144/ Medtr1g089810) was significant for Af3 that remains flanked by OPD16_1732/OPI01_1985. Contig 19144 corresponds to a susceptible endoplasmic reticulum auxin-binding protein.
Finally, three QTL regions were detected in chr. VI explaining between 12 and 21.4% of the phenotypic variation ( Fig. 1; Table 3 ). The former QTL region included Field_DSP1 and LO98_DSL evaluations and was enriched with two new SNPs: Locus 10591 (Medtr8g096020), a putative transmembrane protein; and Contig 13425 (Medtr8g093250) corresponding to a cystathionine betalyase family protein. Finally, Field_DSP2 was identified for the first time in this population. This QTL was located between RGA2_97 (Medtr6g079800) and OPL12_622. Within the QTL interval, we also located mmK1a (Medtr4g087620) annotated as a MAPK-like Ntf4 protein (Table 3 ; Fig. 1 ). The present analysis enriched chr. VI with eight SNP markers, two of which were placed within the QTL interval. Thus, the previous Oc7 interval covered exclusively by RAPD markers has been enhanced by two gene coding sequences, Contig 9900 and Contig 3028. Contig 9900 was undetected in the M. truncatula genome suggesting that it might be part of a specific faba bean disease resistance gene. In contrast, Contig 3028
showed a significant match with the Medtr8g088390 gene, annotated as a protein that physically interacts with CBL-interacting serine/threonine protein kinase 1 (CIPK1). Another QTL for O. crenata resistance (Oc8) was detected in chr. V, but was limited to the season 2007/08. Oc8 is flanked by two markers (mtmt_GEN_00866_02_1 and OPAC06_1034) and accounted for 17.7% of the variation (Table 3) . Contig 2960 (Medtr7g098440), one of the three new SNP markers included in chr. V, encodes a ras GTPase-activating protein involved in cellular organization and signaling processes related to cell growth, differentiation, and apoptosis (Rojas et al. 2012) .
None of the remaining O. crenata (Oc9-Oc13) and O. foetida (Of3, Of4 and Of5) QTLs previously reported ) reached the genome-wide significance level in our analysis. Only Oc10 in chr. III, associated with OPD16_1732 was considered in this study, although the maximum LOD score did not reach the significant threshold obtained by permutation. The saturation of the 29H × Vf136 faba bean genetic map with new SNP markers located in coding sequences related to the response to A. fabae is described. From the 228 SNPs initially selected, only 92 could be successfully genotyped, in most cases due to the loss of polymorphism in the RIL population. Inaccurate SNP calling, heterogeneity within the parental lines used, together with accidental cross-contamination by pollinators in any of the parental lines might be among the causes. Honeybees, bumblebees and large solitary bees are the main faba bean pollen vectors. Except from the honeybees that use rock cavities and hollow trees as nesting sites, the rest of pollinators usually construct nests below ground in holes or within the remains of previous fibrous root system (Mader and Hopwood 2013) . Since faba bean multiplications are normally performed in insect-proof cages, the presence of some pollinator in the ground might have affected in this outcome.
The new map includes 257 loci distributed over 19
LGs. The merging process allowed us to join 11 previous minor
LGs ) that are now combined into five chromosomal regions. In agreement with the faba bean consensus map , LG9 and LG16 which were previously associated with chr. I ) are now placed in chr. III. In addition, we could assign LG29 to chr. IIa, and LG8 together with a new LG to chr. I. The new linkage map has significantly longer cumulative genetic map coverage (2796.91 versus 1402.1 cM reported by Gutiérrez et al. 2013) . Map expansion is a common phenomenon in genetic research (Liu et al. 1996 ; Knox and Ellis 2002) that can be ascribed to several factors such as mapping strategies, number and type of mapped loci together with potential genotyping errors (Leonforte et al. 2013; Liu et al. 2015) .
Resistance to Ascochyta blight and broomrape are difficult traits in terms of genetics and breeding. The complexity of the disease evaluation and the polygenic nature of resistance to both pathogens make breeding for resistance a challenging process and an ideal candidate for MAS. Previous studies have described different stable QTLs for A. fabae, O. crenata, and O. foetida resistance in different populations (Díaz-Ruiz et al. 2009a, b; Kaur et al. 2014; Gutiérrez et al. 2013; Atienza et al. 2016) . However, most QTLs were flanked by RAPDs and it is imperative to narrow down these QTL intervals with more reliable and transferrable molecular markers. Here we exploited the high degree of colinearity between faba bean and M. truncatula (Ellwood et al. 2008; Satovic et al. 2013; Webb et al. 2016 ) and submitted the selected SNP markers to homology searches against the M. truncatula genome (Mt4.0) using BLASTn (Tang et al. 2014 ). This approach detected significant matches in homologous regions that will facilitate future QTL comparisons between faba bean and different legume crops. QTLs controlling resistance to Ascochyta and O. crenata have been reported in chickpea and pea (Prioul-Gervais et al. 2007; Fondevilla et al. 2010 Fondevilla et al. , 2011 Millán et al. 2015 ) some of which locate in homologous faba bean chromosomes. However, the lack of common markers in the corresponding target areas has so far prevented the establishment of clear homologies. Nevertheless, the macrosyntenic relationships reported between Medicago, faba bean, Pisum, Lens, and Cicer suggest that some of the QTLs identified in the present study could be conserved among the Galegoid legumes.
QTL detection and candidate genes identification
Three regions related to Ascochyta blight resistance were identified in chr. II, III and VI. Af2 was located on chr. II using the phenotypic data for Field_DSL, CO99_DSL and LO98_DSL. In a previous report (Atienza et al. 2016) , Af2 was flanked by RAPD markers, while the present work supplemented the map with two new SNP markers (Contig 9100 and Contig 17163) that are now flanking the QTL. This led to the displacement of the QTL towards a position closer to QTL3 described in the population Icarus × Ascot (Kaur et al. 2014 ), and to Af2 described in the RIL population Vf6 × Vf136 (Díaz-Ruiz et al. 2009a, b) . The relative position of the orthologous genes in M. truncatula suggests that all these studies identified the same QTL region. The new gene markers in the Af2 interval, Contig 17163 (Medtr3g102120), Contig 9100 (Medtr3g099010) and the already mapped 1433P (Medtr3g099380), open the possibility for fine mapping and future development of MAS for this QTL. The area between Medtr3g102120 and Medtr3g099380 appears to be a good target for the identification of candidate genes for Ascochyta blight resistance, narrowing down the region pinpointed by Atienza et al. (2016) . Unfortunately, this M. truncatula region and the syntenic region in chickpea have no genes or QTLs associated with disease resistance. Contig 17163 located in the QTL3 interval (Kaur et al. 2014 ) encodes a RYanodine receptor (SPRY) domain protein that regulates intracellular signaling (Ponting et al. 1997) and is likely involved in immune processes (D'Cruz et al. 2013) . The human genome also encodes SPRY/B30.2 domains, several of which are involved in the immune response. The role and function of the majority of SPRY/B30.2 domains remain unknown in plants but might include specific protein-protein interactions. Given the function of these proteins in humans, it is tempting to speculate that they might be involved in innate immunity against different infectious agents (Perfetto et al. 2013; Yap et al. 2005) .
Contig 9100 corresponds to a TB2/DP1, HVA22 family protein. HVA22 is a unique abscisic acid (ABA)/ stress-induced protein first isolated from barley aleurone cells and located in the endoplasmic reticulum and Golgi apparatus with a proposed role in seed germination and seedling growth regulation (Guo and Ho 2008) . HVA22 is induced by environmental stresses such as dehydration, salinity, extreme temperatures and by the plant stress hormone ABA. ABA induces the accumulation of HVA22 protein that inhibits gibberellin (GA)-induced formation of large digestive vacuoles, an important process in GA-induced programmed cell death. In addition, inhibition of vesicular trafficking involved in nutrient mobilization to delay coalescence of protein storage vacuoles has been proposed as part of its role in regulating seed germination and seedling growth (Guo and Ho 2008) . Finally, 14-3-3P belongs to a family of conserved regulatory proteins that have the ability to bind a multitude of functionally diverse signaling proteins, including kinases, phosphatases, and transmembrane receptors, playing important roles in a wide range of vital regulatory processes such as mitogenic signal transduction, apoptotic cell death and cell cycle control (Haian et al. 2000) . It is noteworthy that the three markers most closely associated with Af2 correspond to expressed genes associated with cell death or stress response. Although additional studies are required for validation, the fact that both Contig 9100 and Contig 17163 were differentially expressed in response to A. fabae (Ocaña et al. 2015 ) is an indication that the genes identified within this QTL-containing region are interesting candidates for further studies and development of allele-specific markers.
Af3 reported in chr. III was again detected in both growth chamber (LO98_DSL_and LO98_DSS) and field evaluation (Field_DSP). The remaining three QTL regions reported by Atienza et al. (2016) were not identified in this study, likely due to the different parameters used for QTL detection. Consistent with previous results (Avila et al. 2004; Atienza et al. 2016) , Af3 is flanked by the RAPDs OPD16_1732/ OPI01_1985 but our analysis enriched the QTL region with a new SNP marker (Contig 19144/Medtr1g089810) . Contig 19144 was annotated as a susceptible endoplasmic reticulum auxin-binding protein that regulates cell division, cell expansion, meristem activities, and root development (Gao et al. 2015) . The lack of additional gene-derived markers in the QTL region prevents the discovery of potential candidate genes. It remains a challenge to reduce the Af3 confidence intervals to enable the identification of strong candidates for A. fabae resistance.
Finally, three independent QTLs were detected in chr. VI. The first, involving Field_DSP1 and LO98_DSL evaluations, is the same as described by Atienza et al. (2016) . As mentioned above, this region is adjacent to Oc7, the main QTL identified for O. crenata resistance. Chromosomal segments associated with broad-spectrum quantitative disease resistance have been reported in different plant species (Wisser et al. 2005; Jamann et al. 2014) . Co-localization of Ascochyta blight and Orobanche resistance QTLs reinforces the idea of gene clusters with common mechanisms for resistance against pathogens. It is remarkable that the alleles associated with each resistance were derived from different a parent likely pointing to a control by different genes. Nevertheless, a more accurate genetic dissection of disease QTL confidence intervals is needed to reduce the number of positional candidate genes for further functional analysis.
This QTL region contains markers that could be directly involved in the resistance process, including mtmt_GEN_01130_02_1 (Medtr8g095030) corresponding to a LRR receptor-like kinase (LRR-RKs) involved in the regulation of a wide variety of developmental and defenserelated processes (Torii 2004) or RNAR (Medtr8g092510), an oxidoreductase involved in DNA synthesis. The region was also enriched with two new SNPs, Contig 13425 (Medtr8g093250) an aluminium-resistant protein and Locus_10591 (Medtr8g096020) encoding a putative transmembrane protein which might be involved in pathogen recognition or signaling in local defense responses.
Interestingly, the new QTL identified (Field_DSP2), flanked by RGA2_97 (Medtr6g079800) and OPL12_622, likely corresponds to QTL4, a homologous region controlling A. fabae resistance in the Icarus × Ascot population (Kaur et al. 2014) . RGA2_97 is a putative NBS-LRR type disease resistance protein (Timmerman-Vaughan et al. 2000) reported as a candidate gene for quantitative resistance to Mycosphaerella pinodes in pea (Prioul-Gervais et al. 2007 ) while mmK1a (Medtr4g087620) was annotated as a MAPKlike Ntf4 protein. MAPK cascades play important roles in regulating plant growth, development, and responses to stress or defense stimuli (Pitzschke et al. 2009; Rodriguez et al. 2010; Tena et al. 2011; Meng and Zhang 2013 (Lee et al. 2004; Del Pozo et al. 2004) . Within the QTL interval, we also located mtmt_GEN_01109_01_1 (Medtr4g091610), a hydrolyzing O-glycosyl compound hydrolase.
Orobanche crenata QTLs described previously (Gutiér-rez et al. 2013) were enriched in this study. Oc7 explaining a substantial part of the variation for this trait in chr. VI was near a QTL underlying Ascochyta resistance and related to field disease resistance (Field_DSP). This QTL co-localization is consistent with the idea that quantitative disease resistance in plants is conditioned by a range of mechanisms and could have considerable overlap with basal resistance (Poland et al. 2011) . The Oc7 QTL interval was enhanced with new SNP markers (Contig 9900 and Contig 3028). Contig 9900, undetected in the M. truncatula genome, could be associated specifically with A. fabae resistance, although this function remains to be elucidated. Contig 3028 (Medtr8g088390) is homologous to a M. truncatula gene coding for an evolutionarily carboxy-terminal region protein that physically interacts with CIPK1 (serine-threonine protein kinase) that interacts with CBL proteins. CBL proteins represent important relays in plant calcium signaling (Kolukisaoglu et al. 2004) . They form complex networks with their targets, the CBL-interacting protein kinases (CIPKs). Even though the function of most CIPKs in crop plants remains unknown, they are thought to play an important role in stress signal transduction and stress tolerance (Romeis et al. 2001; Tai et al. 2016) .
Oc8 was detected in the distal part of chr. V ), but in our study the genome-wide threshold was only reached in the season 2007/08. Oc8 was flanked by mtmt_GEN_00866_02_1/OPAC06_1034. Contig 2960 (Medtr7g098440), one of the new SNP markers included in this QTL region, corresponds to a putative ras GTPaseactivating binding-like protein that could be involved in signal transduction related to cell growth, differentiation and apoptosis. Vfg69, a microsatellite located in the QTL interval, derives from an inbred line of the Orobancheresistant cultivar Giza 402 (Zeid et al. 2009 ). Although not reaching the suggestive threshold criteria, some evidence for the third QTL (Oc10) reported by Gutiérrez et al. (2013) was detected in chr. III associated with the RAPD marker OPD16_1732 and flanked by Contig 19144. Remarkably, Oc10 co-localized with Af3 underlying A. fabae resistance (Avila et al. 2004) . Although Oc10 has not been validated yet, these findings suggest that this genomic region may be an interesting target for selection against both diseases. Among the three QTLs previously reported for O. foetida resistance (Of3, Of4 and Of5) none was significant in our analysis. The inconsistencies in QTL detection may be due to differences in the mapping strategies together with the low phenotypic variation explained by these QTLs and the relatively small size of the mapping population.
Implementation of molecular markers in MAS has rarely been achieved for complex traits such as disease resistance. In this work we exploited the transcriptome data recently published in faba bean (Ocaña et al. 2015) to saturate genomic regions controlling broomrape and Ascochyta resistance. In spite of the relatively low proportion of polymorphic markers that could be mapped, the new SNP markers located within expressed genes fall within or nearby all the QTL intervals. As a result, previous RAPD markers flanking QTLs can now be replaced by robust and transferrable SNPs, and the chromosomal intervals are now smaller than those previously reported. Our study shows that the stable QTLs in chr. II, III and VI can become amenable for MAS after further fine mapping and physiological trait dissection. Since most of the SNP-flanking QTLs were described to be differentially expressed during Ascochyta infection, they represent a starting point to search for positional and functional candidates in these QTL intervals. The combination of genomic and transcriptomic studies will thus expedite the identification of key genes for faba bean molecular breeding programs. The approach will aid to elucidate the molecular and biochemical mechanisms involved in resistance to the different faba bean pathogens. Further exploitation of the macrosyntenic relationships among legume crops along with the advances in genotyping capacity offers the potential to predict and map new candidate genes for this trait. This information will be used for the development of linked and diagnostic polymorphisms for MAS and targeted introgression programs. The results reported here will also assist other trait-dissection studies and facilitate the transfer of information from related legume crops for future faba bean enhanced breeding.
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